The daily energy requirements of older adults are unclear. Aging results in a decline in daily energy expenditure and intake, which are associated with greater gains in body fatness and a subsequently higher risk of morbidity and mortality. Understanding the energy requirements of older populations, therefore, has important clinical implications. Current world-wide recommendations suggest that energy needs of individuals above 50 y are of 1.51 times resting energy expenditure. Limited data suggest that this may be an underestimation of energy needs in older Caucasian women and men. In contrast, current energy requirement recommendations may be appropriate for older African-American women, because of their low rate of daily energy expenditure for their metabolic size. Aging is also associoated with Alzheimer's and Parkinson's and recent data suggest that individuals with these chronic diseases actually have energy requirements that are at or below current recommendations. Physical activity is the most modi®able and varible component of daily energy expenditure and, therefore, energy requirements. Current data suggest that an inexpensive and simple measurement of physical activity is dif®cult in older adults, which limits our ability to accurately determine energy needs. Overall, current data suggest that energy needs of older adults may be higher than current world-wide recommendations, although future prospective data are needed in healthy, ethnic, and diseased populations. Accurate, unobtrusive, and inexpensive methods to measure physical activity are also needed to assess energy requirements. Descriptors: aging; energy metabolism; doubly labeled water; physical activity
Introduction
Daily energy requirements are de®ned as an individual's energy needs to support optimal physiological function. For 40 y, multidisciplinary and international committees have provided medical guidance to international organizations in assessing the energy needs of individuals of various ages in both industrialized and developing countries to prevent de®ciencies of energy and nutrients. Although there is a clear need to provide well-founded recommendations for age-related changes in daily energy requirements, there is a paucity of data in older adults to accomplish this task.
This brief review examines the current status of energy requirements in older adults. We speci®cally consider: (1) challenges in the assessment of daily energy requirements; (2) utility of the physical activity level (PAL) to express daily energy needs; (3) energy requirements of older adults; (4) energy requirements of older ethnic and diseased populations; (5) prediction of energy requirements in older adults; and (6) measurement of physical activity in older adults.
Challenges in the assessment of daily energy requirements
The establishment of energy requirements in aging individuals has been problematic due to the reliance on the measurement of energy intake from self-recorded diaries andaor dietary interviews and the failure of current recommended daily energy requirements (National Research Council, 1989) to take into account heterogeneity of energy expenditure for physical activity and of body composition in older adults. The available methods for estimating food intake are fraught with limitations and methodological problems that render the data questionable. For example, self-recording of food intake is dependent on the coooperation of the volunteers, and the very act of recording energy food intake may actually alter ingestive behavior, even in compliant volunteers. The 24 h dietary recall method is another common tool to assess habitual intake. This instrument, however, is problematic in some elderly because of memory, hearing and other communication problems. Furthermore, 24 h recalls do not accurately re¯ect habitual daily energy intake, nor do they take into account variation in daily energy needs. In fact, recent studies show a consistent under-reporting of actual energy intake when validated against doubly labeled water (Carpenter et al, 1998; Goran & Poehlman, 1992; Sawaya et al, 1995; Schoeller, 1990; Tomoyasu et al, 1999) . Thus, recording of food intake becomes an unreliable tool upon which to base guidelines for determining daily energy requirements.
An alternative to directly assessing daily energy intake is the measurement of total daily energy expenditure. The FAOaWHOaUNU Expert Consultation has stated that future energy requirement guidelines should be based on measurements of energy expenditure`if and when these became available' (FAO- WHO-UNU, 1985) . Several methods are available to estimate daily energy expenditure, which can be used as proxy measure of energy needs when an individual is weight stable. These methodologies have been reviewed extensively elsewhere (Durnin, 1996) .
Current energy requirement recommendations are based on an alternative method, the`factorial' approach (FAO-WHO-UNU, 1985) . In this approach, estimates of daily energy expenditure are not directly measured, but are obtained by multiplying resting metabolic rate (RMR) by a factor re¯ecting the estimated energy expenditure for various physical activities throughout the day (James, 1989) . First, this method does not take into account all the components of daily energy expenditure; it neglects the thermic effect of feeding, which contributes approximately 10 ± 15% of daily energy expenditure (Poehlman et al, 1991) . Secondly, because RMR explains less than half of individual variation in daily energy expenditure (Carpenter et al, 1995; Goran et al, 1993) , this component, alone, provides insuf®cient information to explain individual variation in daily energy requirements of older adults. Thirdly, the inability to assign appropriate energy costs to certain activities and capture all non-structured activities throughout the day may cause an underestimation of energy needs.
We remain unconvinced that the age-related decline (1 ± 2% per decade) in RMR (Fukagawa et al, 1990; Poehlman et al, 1990 Poehlman et al, 1993 Tzankoff & Norris, 1977 , 1978 explains a large part of the decline in daily energy requirements. This assertion is based on previous work from our laboratory showing that RMR is not related to the increase in total body fatness or loss of fat-free mass in aging men and women . This scepticism is supported by Weinsier et al, 1995) who showed that resting metabolic rate was not related to fat gain or fat-free mass loss after a 4 y follow-up period. Thus, whereas RMR is probably an important component of`static' daily energy needs, it most likely only partially contributes to declining daily energy needs with advancing age.
Physical activity, on the other hand, is the most variable component of daily energy expenditure Roberts, 1996) ; it comprises as little as 15% of daily energy expenditure in sedentary older adults and up to 50% of daily energy output in highly active older adults. We have reported that the decline in leisure time physical activity (assessed by questionnaire), was an important predictor of increased body fatness Poehlman et al, 1995) . It should be acknowledged, however, that the accurate assessment of physical activity has been problematic. Investigators have relied on proxy measures of physical activity, such as physical activity recall questionnaires, self-reports andaor the use of mechanical devices. Information from our laboratory suggests that these approaches signi®cantly underestimate energy expenditure for physical activity when compared to measurements with doubly labeled water (Gardner & Poehlman, 1998; Starling et al, 1999) . Thus, the role of energy expenditure for physical activity as a modulator of daily energy requirements and body composition in aging adults remains unclear because of methodological limitations and the absence of longitudinal data. Furthermore, it is unknown whether changes in daily energy requirements and body composition re¯ect the aging process or are more a consequence of changes in physical activity energy expenditure. A more detailed examination of physical activity assessment in older adults is presented later in this review. (Schoeller & Van Santen, 1982) . The use of doubly labeled water to predict energy requirements in the elderly is based on the rationale that total daily energy expenditure de®nes the level of metabolizable intake required to maintain a state of energy balance. The doubly labeled water method, thus, offers a powerful experimental approach to determine daily energy requirements in aging adults. The main advantages of this method are: (1) it provides an integrated, noninvasive measure of RMR, the thermic response to feeding, and physical activity energy expenditure; (2) measurements are conducted over extended periods of time in free-living individuals (2 ± 3 weeks); and (3) in combination with indirect calorimetry, it is possible to infer energy expenditure due to physical activity. Thus, energy values derived from doubly labeled water are representative of the typical daily energy expenditure and thus, daily energy requirements of free-living older adults.
Utility of the PAL to express energy requirements
Energy requirements are traditionally expressed as some multiple of resting energy expenditure. This multiple is referred to as a physical activity level (PAL) ratio, which is derived from the division of total daily energy expenditure by RMR. The PAL is recognized as a convenient approach to categorize energy needs and allows us to account for body mass differences among individuals by considering RMR. The FAO-WHO-UNU Expert Consultation recommends a PAL of 1.51 as an adequate daily energy intake to match daily energy expenditure, when an individual b 50 y of age has a body composition and level of physical activity consistent with long-term good health (FAO-WHO-UNU, 1985) . These recommendations are based on previous data collected using the`factorial' approach and, therefore, may underestimate energy needs, as mentioned earlier in this review.
The FAO-WHO-UNU Expert Consultation has provided PAL guidelines ranging from 1.27 for general survival to $2.0 for individuals with high levels of occupational activity. These guidelines were recently re-examined in a meta-analysis of 574 healthy women and men (2 ± 95 y) with doubly labeled water and indirect calorimetry data (Black et al, 1996) . The investigators attempted to determine what type of lifestyle and activity pattern is associated with different PAL ratios. A PAL of 1.2 was associated with a completely sedentary lifestyle, such as that observed in non-ambulatory older adults with dementia. A PAL of 1.6 ± 1.7 was associated with a seated occupation involving some movement and no strenuous activity during leisure time, which probably represents a typical day for most Americans. Furthermore, a PAL between 2.0 ± 2.4 was associated with strenuous work andaor a very active leisure time, such as lifestyles of soldiers and endurance athletes. A PAL b 2.5 may not be sustainable on a everyday basis, but may occur for short periods. During the Tour de France, cyclists experience a daily PAL b 4.0 for the 21 day event (Westerterp et al, 1986) . These data are the ®rst using accurate methods to assign a certain PAL to various lifestyles; however, the majority of these results were collected in younger to middle aged individuals, with few data in adults b 65 y of age.
Overall, the PAL ratio represents a simple approach to categorize daily energy requirements, which can be universally applied to different populations using a simple assessment of total and resting energy expenditures. The future challenge will be the collection of additional PAL data along with a simultaneous and accurate assessment of an individual's daily occupational and leisure time activities, which has been problematic in older adults (Starling et al, 1999) . Assessing daily physical activity and considering its impact on worldwide recommendations is important for the determination of group and individual energy needs.
Energy requirements of older adults
There is a paucity of energy requirement data in the elderly, which is partially due to the previously mentioned lack of accurate methods to determine daily energy needs. The advancement of doubly labeled water methodology in the early 1990's increased our ability to accurately assess energy requirements under free-living conditions. There were ®ve energy requirement studies published during this time using doubly labeled water in healthy, older women and men (Goran & Poehlman, 1992; Pannemans & Westerterp, 1995; Reilly et al, 1993; Roberts et al, 1992; Sawaya et al, 1995) . A recent meta-analysis of these data (Roberts, 1996) showed that the energy requirements of these older adults (mean age range of 64 ± 74 y) may be higher than current recommendations (National Research Council, 1989; FAO-WHO-UNU, 1985) . FAO-WHO-UNU recommendations established in the 1980's suggest that energy requirements of women and men b 50 y of age are at a PAL of 1.51. The summary of available data by Roberts demonstrated that the energy requirements of older adults may be actually closer to $1.68 multiples of RMR. These data were recently veri®ed in nine elderly women (56 ± 78 y) during a 14 week energy intakeabalance study (Campbell et al, 1997) . The investigators showed that energy needs of older men have been shown to be at a PAL of 1.5, which may be explained by their older age (mean 82 y) compared to subjects of previous studies (Fuller et al, 1996) . Nonetheless, the majority of initial studies using accurate methods, suggests that worldwide recommendations may underestimate the activity levels of older adults and hence their energy needs.
Our laboratory recently continued the assessment of energy requirements by reporting data on the largest, single group of older women and men (Starling et al 1998a, b) . Energy needs were assessed using doubly labeled water in 52 women and 48 men between the ages of 56 ± 90 y. Energy needs were at a PAL of 1.61 for the older women (see Figure 1 ) and a PAL of 1.73 for the older men. These results support the majority of previous studies (Roberts, 1996) , suggesting that current worldwide recommendations may underestimate daily energy needs of older adults. Furthermore, our results suggest that energy requirement recommendations need to be gender speci®c.
Energy requirements of ethnic populations
The generalizability of current energy requirement data in the literature is limited because the majority of these studies were completed in healthy, Caucasian women and men. Little is known about the daily energy requirements of populations with different ethnic backgrounds. Such data would have great public health signi®cance due to the fact that the prevalence of obesity and related comorbidities is signi®cantly greater in non-Caucasian populations (American Heart Association, 1997). Figure 1 Physical activity level (PAL) ratios for Caucasian women (n 37) and men (n 28), and African-American women (n 51) and men (n 48). TEE total daily energy expenditure; RMR resting metabolic rate.
African-Americans are an ethnic group in which 50% of the women and 31% of the men are overweight (American Heart Association, 1997). This excess body mass is associated with an increased incidence of cardiovascular and metabolic disorders (Kuczmarski et al, 1994) . The etiology of obesity is unclear, but may be associated with a high daily energy intake, low daily energy expenditure, or a combination of these factors. Our recent review of available data suggests that African-Americans may have a lower RMR compared to Caucasians, which may contribute to their higher prevalence of obesity (Gannon et al, 1999) . Nonetheless, it is important to examine total daily energy expenditure and all its components (ie physical activity, thermic effect of feeding, RMR) because the assessment of RMR alone is insuf®cient to explain body mass¯uctua-tions.
To accomplish this objective, we recently examined differences in total daily energy expenditure and its components between older African-Americans and Caucasians using doubly labeled water and indirect calorimetry (Carpenter et al, 1998). Older African-American women had approximately a 12 ± 24% lower total daily energy expenditure than African-American men and Caucasian women and men, after adjustment for body composition. These data suggest a gender by race interaction in which AfricanAmerican women have reduced daily physical activity levels and a lower RMR, which may together explain their greater prevalence of obesity. Thus, one may predict that given a`normal' level of energy intake, AfricanAmerican women may be in a positive energy balance because of their low rate of daily energy expenditure for their metabolic size.
Using a sub-group of these subjects from the study of Carpenter et al, we recently published the ®rst daily energy requirement data from 65 older African-American women and men (52 ± 76 y) using doubly labeled water (Starling et al, 1998a, b) . Daily energy needs of older AfricanAmerican men were at a PAL of 1.71, which is similar to data reported in Caucasian men (see Figure 1) . Energy needs of older African-American women were similar to current worldwide recommendations at a PAL of 1.51, and lower than the energy needs of older Caucasian women (see Figure 1) . Overall, these data show that we need to consider ethnicity when making energy requirement recommendations. To be able to do that, further studies are needed to determine energy needs of other ethnic populations.
Energy requirements of diseased populations
Little is known about the energy requirements of older adults with disability andaor chronic diseases, such as Alzheimer's and Parkinson's disease, and heart failure. These populations are at risk of negative energy balance leading to cachexia or wasting, because of what is described as a`hypermetabolic state' in current medical literature. This perception has generally led to the current belief that`cachectic diseases' result in inappropriately high daily energy needs, which may have been a premature hypothesis. Because excessive loss of lean body mass is associated with greater mortality rates (Paffenbarger et al, 1993) , the determination of appropriate energy requirements to prevent energy imbalances is imperative. We brie¯y consider several severe diseases and their potential impact on daily energy requirements. Figure 2 Physical activity level (PAL) ratios for dementia (n 14), Alzheimer's (n 30), Parkinson's (n 16), and heart failure (n 26) patients. TEE total daily energy expenditure; RMR resting metabolic rate.
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Alzheimer's disease Alzheimer's disease af¯icts over 10% of the elderly population Council on Scienti®c Affairs, 1985) and is becoming a major health concern with more than 40 billion dollars spent annually on medical care (Butler, 1982) . This chronic disease is characterized by unexplained weight loss that has been anecdotally associated with a`hypermetabolic state'. This suggests that the energy requirements of Alzheimer's patients may be higher than current worldwide recommendations. In reality, however, daily energy needs are unknown because few studies have assessed daily energy expenditure in Alzheimer's patients.
We recently addressed this issue by measuring total daily energy expenditure and body composition in 30 older women and men with Alzheimer's disease (57 ± 87 y) and compared rates of energy expenditure to $100 healthy, older women and men (Poehlman et al, 1997) . Our data showed that total daily energy expenditure assessed by doubly labeled water was 14% lower in these patients (1901 AE 517 kcaladay) than in healthy controls (2213 AE 513 kcaladay). This difference in daily energy expenditure in Alzheimer' patients is appropriate for their body size and composition. Therefore, our ®ndings do not support the theory that a`hypermetabolic state' contributes to their unexplained weight loss.
Based on these data from our previous study, we have calculated a PAL for Alzheimer's patients, which is shown in Figure 2 . This population's energy needs are at a PAL of $1.48. Similarly, other investigators have reported a PAL of 1.51 (see Figure 2 ) for 14 older women (65 ± 95 y) suffering from dementia or depression (Prentice et al, 1989) . Collectively, these data suggest that energy requirements of individuals with Alzheimer's disease or general dementia appear to be similar to current worldwide recommendations for healthy, older adults.
Parkinson's disease
As with Alzheimer's disease, over 50% of Parkinson's patients are af¯icted with unexplained weight loss. Previous data suggest that an elevated RMR may explain this loss (Levi et al, 1990) . Our laboratory recently examined total daily energy expenditure and its components in 59 ± 90 y old men with Parkinson's disease (Toth et al, 1997) . Total daily energy expenditure adjusted for body composition was 15% lower in Parkinson's patients (2214 AE 460 kcaladay) versus healthy controls (2590 AE 497 kcaladay). This difference was due to a 56% lower daily physical activity level in the Parkinson's patients, as no difference was present in RMR between the groups. The calculated PAL based on these data is 1.33 (see Figure 2) , which is well below current FAOaWHOaUNU recommendations for healthy, older adults. Collectively, these data suggest that a`hypermetabolic state' probably does not contribute to weight loss in these patients. In fact, the lower energy requirement in this population is due to reduced levels of physical activity.
Heart failure Congestive heart failure generally occurs in individuals over 40 y of age and is associated with signi®cant weight loss. This weight loss commonly occurs with end-stage heart failure, resulting in increased hospitalization, and greater mortality rates. Previous data suggest that this unexplained weight loss may be due to a 18% higher resting energy expenditure in heart failure patients compared to healthy controls (Poehlman et al, 1994) . Because total daily energy was not assessed in our previous study, we sought to determine whether heart failure patients have higher than predicted daily energy needs, as determined with the doubly labeled water method.
We examined total daily energy expenditure of 12 cachectric and 13 non-cachectric heart failure patients (Toth et al, 1997 ) with a mean age of $70 y. Total daily energy expenditure was 20 ± 26% lower in cachectric patients (1870 AE 347 kcaladay) compared to non-cachectric patients (2349 AE 545 kcaladay) and healthy controls (2543 AE 449 kcaladay). These differences were partially explained by a lower RMR in the cachectic (1414 AE 210 kcaladay) vs the non-cachectic patients (1698 AE 252 kcaladay) and healthy controls (1561 AE 223 kcaladay), although these differences disappeared after adjusting for fat-free mass. However, physical activity levels were 63% and 43% lower in cachectric and noncachectric patients compared to healthy controls. These data further support the concept that a`hypermetabolic state' is not present in congestive heart failure patients. As with Parkinson's disease, the lower energy needs in this population are due to reduced levels of physical activity. Therefore, physical activity should be considered when establishing energy requirement recommendations, particularly in individuals with chronic disease.
Based on energy expenditure data published in 26 heart failure patients from our laboratory (Toth et al, 1997a ± c), we calculated a PAL ratio, which is presented in Figure 2 . These data demonstrate that 70 y old men with heart failure have a PAL of $1.33. Thus, energy requirements of older, adults with heart failure are lower than current recommendations for healthy, older adults.
Prediction of energy requirements
Although there is a growing base of energy requirement data for groups of elderly individuals, future studies need to focus on determining their individual energy needs. Our recent data from a relatively large sample allowed for the ®rst-time development of an equation to potentially predict energy requirements (Starling et al, 1998a,b) . We used stepwise regression analyses to explain variation in total daily energy expenditure using related anthropometric (eg fat and fat-free mass) and physiological (eg RMR, thyroid levels) variables.
Predicted RMR and peak aerobic capacity explained 63% of the variation in energy needs of these older adults. When applied to an independent group of 29 older women and men, this equation accurately predicted energy needs in the group as a whole (see Figure 3) ; but prediction on an individual basis was less accurate due to the low correlation coef®cient. The interesting ®nding of these prediction analyses was that aerobic capacity explained variation in energy needs. Although it is questionable if aerobic capacity is a proxy measure of physical activity (Tager et al, 1998) , our data suggest that further attempts at predicting energy needs should consider the accurate assessment of daily physical activity levels. Moreover, since physical activity is the most variable component of daily energy expenditure among the elderly (Goran & Poehlman, 1992) , the determination of individual instead of group energy needs is an important area of future research.
Measurement of physical activity in the elderly
Physical activity is the most variable component of total daily energy expenditure in the elderly (Goran & Poehlman, 1992) and therefore is an important determinant of energy requirements. Thus, the accurate measurement of physical activity is critical. However, few studies have directly examined the accuracy of available methods to measure physical activity, particularly in the elderly.
There are many methods available to measure physical activity, which have been discussed extensively elsewhere (Melanson & Freedson, 1996) . These methods range from activity recall questionnaires and heart rate monitoring to motion detectors. The problem with most of these approaches is that they have not been validated against criteria for free-living physical activity. As mentioned earlier in this review, the doubly labeled water method in conjunction with indirect calorimetry provides the most comprehensive approach to measuring physical activity in free-living, older adults. In addition to capturing volitional activities (ie daily occupation, household routines, and structured exercise), this combination of methods also allows to assess energy expenditure for non-volitional activity such as postural control, shivering, and ®dgeting. Traditional physical activity measurement tools do not capture these non-volitional activities. Furthermore, recently doubly labeled water data suggest that individuals most resistant to weight gain with overfeeding have higher levels of ®dgeting (Levine et al, 1999) . Thus, the ability to accurately capture non-volitional along with volitional activities is important for determining the PAL ratio associated with various levels of daily physical activity and its impact on obesity-related disorders.
There is a paucity of data in the elderly directly validating activity questionnaires, activity diaries, and motion detectors against more direct criterion measures of physical activity, such as doubly labeled water. Our laboratory recently completed a study assessing the measurement of physical activity in 45 ± 84 y old women and (Starling et al, 1999) . This study assessed the accuracy of several commonly used tools to measure physical activity in older adults. We compared physical activity determined by the Minnesota Leisure Time Activity Questionnaire (LTA), Yale Physical Activity Survey (YPAS), and a Caltrac uniaxial accelerometer against doubly labeled water. Physical activity was underestimated by 50 ± 60% with the Minnesota LTA and Caltrac compared to doubly labeled water, in both older women and men (see Figure 4) . In contrast, the YPAS measured physical activity accurately compared to doubly labeled water on a group basis (see Figure 4) , but variability was high on an individual basis. These data suggest that some traditionally used methodologies may underestimate free-living, daily physical activity levels in older adults and there is a need to further develop ®eld methods to accurately quantify physical activity.
Although the high cost of isotopes and analytical equipment limits wide spread use of the doubly labeled water method, future studies may consider assessing the validity of physical activity methods by including a sub-group of research volunteers with doubly labeled water data, instead of validating their methods against indirect criterion measures, such as aerobic capacity and body fatness. Nevertheless, future studies need to consider the combination of practical methods, such as activity questionnaires, and freeliving measures, such as the triaxial accelerometer (Bouter et al. 1996) to accurately measure physical activity levels in older adults.
Summary
The direct measurement of energy needs in the elderly with traditional intake methods has yielded questionable results. The development of doubly labeled water methodologies has provided an accurate assessment of free-living, daily energy expenditure for use as a proxy measure of energy needs. The majority of recent doubly labeled water studies suggests that the energy needs of older, healthy adults may be higher than current worldwide recommendations. Furthermore, recent data suggest that older adults with chronic diseases (eg Parkinsons, heart failure) have signi®cantly lower energy requirements than healthy, older adults. The lower energy needs of patients with these cachectic diseases appear to be due to lower physical activity levels. Physical activity is the most variable component of daily energy expenditure, and is therefore an important determinant of energy needs. Future studies should focus on the accurate assessment of physical activity in older adults. (Bouten et al, 1996) .
